ABSTRACT
INTRODUCTION

54
The cranial meninges, especially the dura mater encephali, can be regarded as a protective 55 tissue preventing the brain from being lesioned by noxious stimuli of various modalities. 56
Hereby the nociceptive system of the dura mater detects potentially harmful stimuli to alarm 57 the organism by causing the sensation of headaches. The dura mater is densely innervated by 58 unmyelinated C-and thinly myelinated A-fibres of the trigeminal nerve, most of which can 59 be regarded as polymodal nociceptors (Levy and Strassman 2002) . While polymodal 60 nociceptors encode noxious stimuli of various modalities, the discrimination between harmful 61 and harmless mechanical stimuli might be particularly difficult, taking into account that most 62 meningeal nociceptors display comparably low mechanical thresholds (Levy and Strassman 63 2002) . Indentation or distension of the meninges, which may for example occur during fast 64 movements of the head, should only be encoded as nociceptive if they endanger the integrity 65 of the brain or the dura mater itself. Thus encoding mechanisms that are able to filter the 66 responses to stimuli according to their potential harm may be useful properties of meningeal 67
nociceptors. 68
Most sensory encoding processes are subject to adaptation, a decrease of the action potential 69 discharge during long-lasting stimulation. Adaptation occurs also in C-fiber nociceptors in 70 tissues such as skin (Garell et al. 1996) and cranial dura mater (Levy and Strassman 2002) . 71
Adaptation allows sensory endings to maintain their sensivity to subsequent mechanical 72 stimuli over a wide dynamic range. The question is if it can also contribute to discrimination 73 between harmful and harmless stimuli. 74
The ability of sensory neurons to transduce mechanical force into an electric signal is thought 75 to involve the opening of mechanically sensitive ion channels leading to a generator potential. 76
Using procaine (Katz 1950; Loewenstein and Mendelson 1965) and tetrodotoxin 77 (Loewenstein et al. 1963) (McCarter et al. 1999) and 88 neonatal (Drew et al. 2002) dorsal root ganglion (DRG) neurons evokes currents that are 89 likely mediated by specific transduction proteins, since comparable mechanical stimuli 90 delivered to the somata of sympathetic neurons did not evoke detectable currents (McCarter et 91 al. 1999) . Mechanically evoked currents in DRG somata increased in amplitude with 92 increasing mechanical stimulus intensities and, reminiscent of generator potentials, are 93 characterised by a rapid onset with subsequent adaptation (Takahashi and Gotoh 2000; 94 McCarter et al. 1999; Drew et al. 2002) . The time course of current adaptation varied across 95 individual neurons but was likely to reflect differing rapid (1-50 ms) and slow (1 s) 96 components (Rugiero et al. 2010; Hu and Lewin 2006) . 97
Furthermore the conversion of generator potentials into action potentials may play an 98 important role for adaption. In small-diameter axons an activity-dependent reduction in the 99 number of available voltage-gated sodium channels (Navs) has been shown to slow axonal 100 conduction velocity (Snape et al. 2010; De Col et al. 2008) . Similarly, inactivation of Navs 101 causes slow, cumulative adaption of spike firing generated by repetitive application of 1s 102 depolarizing pulses in cortical neurons (Fleidervish et al. 1996) . In addition to changes in Nav 103 availability, lowering of the Nernst potential for Na + through intra-axonal Na + accumulation 104 during repetitive activity could also contribute to changes in axonal conduction in 105 unmyelinated axons (Scriven 1981; Endres et al. 1986; Tigerholm et al. 2013) . Both processes 106 would be expected to increase the threshold for action potential initiation and limit the 107 frequency at which impulses can be generated in axons. Consistent with this, increased 108 activity of mechanically sensitive afferent fibres has recently been found to be accompanied 109 by an increase in mechanical activation thresholds (De Col et al. 2012) . 110
In this study the impact of preceding action potential firing on the responses to supra-111 threshold mechanical stimulation in single afferents innervating the rat cranial dura mater was 112 examined. 113
114
METHODS
115
Animal housing and all experimental procedures were carried out in compliance with the 116 guidelines for the welfare of experimental animals as stipulated by the Federal Republic of 117 During preparation and recording the chamber was perfused at a rate of 6 ml SIF per minute. 131
The solution pH was buffered to 7.4 by bubbling with carbogen (95% O 2 , 5% CO 2 ). The 132 temperature was kept at 35° ± 0.5°C by a flow-through Peltier element integrated in the inlet 133 and regulated by feedback from a thermocouple placed inside the tissue bath. One skull half 134 was stored (ca. 4 h) at room temperature and used when the experiment of the first half was 135 finished; we did not find any differing properties of axons innervating the two skull halves. 136
Recording of action potentials and experimental protocol 137
The proximal end of the spinosus nerve was drawn into a SIF-filled glass pipette (opening ca. After identifying a receptive field by gently touching the dura with von Frey filaments (10 144 mN, 0.2 mm diameter) a custom-built stimulator was placed onto the dural receptive field. 145
The stimulating probe consisted of a glass capillary (external diameter 150 µm; internal 146 diameter 60 µm) forming the mechanical stimulus probe with a flexible wire electrode inside, 147 which allowed simultaneous mechanical and electrical stimulation (see De Col et al. 2012) . 148
The force for mechanical stimulation was generated using a solenoid taken from a hard disk 149 drive. Force profiles had a sinusoidal time-course. For the identification of single fibres a 150 6 6 mechanical stimulus of 10 ms was applied and for supra-threshold test stimuli stimulation 151 periods of 250 to 800 ms were used. 152
Identification of single fibres 153
At sites where mechanical and electrical stimuli both evoked action potentials of similar form 154 and latency, a collision-like technique was used to ensure that both stimuli were activating 155 one and the same fibre. The procedure has been described previously (De Col et al. 2012) . 156
Briefly, electrical and mechanical stimuli were delivered at ever decreasing delays until the 157 action potential evoked by stimulation with one modality occluded the action potential 158 response evoked by the other modality. 159
When an adequate position was found, the threshold (i.e. the stimulus strength evoking an 160 action potential in 50% of cases) was determined with electrical (1 ms) and mechanical (10 161 ms) stimuli. In addition, using pulses of 250 ms the lowest force which was able to evoke 162 more than one action potential was also determined, referred to as the bursting threshold. The 163 conduction distance between recording and stimulating site was estimated by means of an 164 integrated scale in the microscope optics. 165
Experimental protocol 166
To study the effect of preceding action potential activity on the responses to mechanical 167 stimuli, different frequencies of electrical stimulation were used to vary axonal conduction 168 velocity within three consecutive stimulation periods of 15 min (see Fig. 4B ). In the first 169 period, electrical stimulation was delivered at 0.1 Hz (period 1, pre-control) and five 170 suprathreshold mechanical stimuli were applied separated by a recovery time of at least three 171 minutes. In the second period, a slowing of axonal conduction velocity was induced by 172 increasing the electrical stimulation rate to 2 or 4 Hz (period 2, test frequency) and once again 173 five suprathreshold mechanical stimuli were applied. In the final period, electrical stimulation 174 was reduced to 0.1 Hz (period 3, post-control) and the last five suprathreshold mechanical 175 stimuli were applied. The second period was separated from the third one by an interval of 176 three minutes at 0.5 Hz electrical stimulation and one mechanical pulse to observe latency 177 recovery. Following a period of 10 min without any manipulation, the protocol was repeated 178 using an electrical test frequency of 5 Hz. Finally the tissue was exposed to capsaicin (10 
Mechanical stimulus profiles and their impact on action potential responses 201
The discharge patterns of individual sensory axons to mechanical stimuli applied as either 202 rectangular, ramp or sinusoidal mechanical stimulus profiles were examined. In response to 203 rectangular mechanical stimuli an initial phasic burst of action potentials occurred, which was 204 followed by a slowly adapting more tonic response (Fig. 1A ) or adapted to zero (Fig. 1B) . 205
Mechanical ramp stimuli of slow and constant velocity (6 mN/s and 12 mN/s) evoked largely 206 tonic responses in most units, whereas ramp velocities higher than 100 mN/s elicited tonic-207 phasic responses in most fibres ( Fig. 2A) . Using mechanical stimuli with a half-sinusoid 208 profile, response patterns were either dominated by a phasic or a static component depending 209 on the stimulus duration ( In 21 fibres using sinusoidal mechanical stimuli of 250 ms duration and amplitudes of at least 213 2-fold the threshold, a reproducible phasic-tonic response was recorded, which rendered this 214 stimulus type the best for the main experiments (Fig. 2B) . To quantify the phasic part of each 215 response to the mechanical stimulus, the 'peak firing frequency' was determined as the 216 average of the five highest instantaneous frequencies. The peak firing frequency did not vary 217 by more than 6 percent on average during the control period. To evoke tonic responses, 218 stimulus durations of more than 500 ms were used in 13 fibres; the peak firing frequencies did 219 not vary by more than 10 percent under the same conditions. 220
Responses to supra-threshold mechanical stimulation and capsaicin 221
Responses to suprathreshold mechanical stimulation with a sinusoid half-wave profile of 250 222 ms duration and amplitudes ranging from 1.4 -12 mN were quantified according to their peak 223 firing frequency and the period, over which action potentials were generated. Mean values of 224 peak firing frequencies during the first control period ranged from 82 Hz to 214 Hz (n = 22, 225 Fig. 3A ). There was no correlation between peak firing frequency and the basal axonal 226 conduction velocity. The responses of six fibres exceeded the stimulation time (Fig. 3B, C) . 227
Four of these fibres were exposed to capsaicin (1 µM) and proved to be responsive. Nine of 228 the remaining 15 fibres, which ceased firing within the stimulation period, were exposed to 229 capsaicin, of which three were activated (Fig. 3C) . 230
Activity-dependent slowing of conduction velocity associated with a reduction in peak firing 231 frequency to mechanical stimulation 232
Using sinusoidal half-wave mechanical stimuli of 250 ms duration and amplitudes well above 233 threshold, the effects of preceding spike activity on the electrical latency and the peak firing 234 frequency were examined (Fig. 4A) . Electrical stimulation was used to elicit activity at 235 different frequencies, while the responses to the mechanical stimuli were determined every 236 180 s (Fig. 4B) . Using low frequency electrical stimulation (0.1 Hz) dynamic sinusoidal 237 mechanical stimuli (250 ms) caused a prominent and reproducible phasic response (Fig. 4A) . 238
Increasing the rate of electrical stimulation to 4 Hz slowed down axonal conduction. This is 239 evident as an increase in the latency of the action potential after the electrical stimulus (Fig.  240 4B, middle trace). Mechanical stimuli delivered to the receptive field in this state of slowing 241 produced a pattern of action potentials, in which the initial phasic response was reduced. 242
Increasing the electrical stimulus rate from 0.1 to 2 Hz blunted the phasic response evoked by 243 a 250 ms mechanical stimulus, while the tonic response to a 600 ms stimulus remained 244 unaffected (Fig. 4C, red dots) Fig. 5A, left) . 249
Increasing the stimulus rate further to 4 Hz reduced peak firing frequencies from 121.13 ± 250 40.00 Hz to 82.06 ± 39.37 Hz (p < 0.001; n = 18; Fig. 5A, right) . In contrast, responses to 251 mechanical stimuli longer than 500 ms reached peak frequencies of 48.40 ± 14.92 Hz, and an 252 increase in electrical stimulation rate to 2 Hz or 4 Hz did not change peak firing frequencies 253 (50.60 ± 26.11 Hz; n = 14, p = 0.65; Fig. 5A, lower traces) . The strong link between 254 conduction velocity slowing (increase of latency) and reduction of the peak firing frequency 255 observed with the 250 ms stimulus is more clear on a time-based representation displayed in 256
Figure 5B. The course of latency just before mechanical stimulation reflects very well the 257 reciprocal course of the peak firing frequency, which was reduced in the same way as the 258 latency was increased in a strong linear correlation (Fig. 5C) . 259
Fibres without activity-dependent slowing of conduction velocity increasing response 260 frequencies of mechanical stimuli 261
In contrast to the majority of fibres showing slowing of their conduction velocity with 262 increasing rates of electrical stimulation, three of the 29 fibres showed speeding, i.e., a slight 263 decrease in their response latency to an increase in electrical stimulation rate from 0.1 to 4 Hz 264 (Fig. 6B) . The absolute magnitude of the decrease in latency was less than the width of the 265 electrical pulse used to activate the fibres. Interestingly, these three fibres also showed an 266 increase in their peak firing frequencies to mechanical stimulation in response to increased 267 rates of electrical stimulation (Fig. 6A) . Upon reducing the rate of electrical stimulation, the 268 peak firing frequency of the response was similarly reduced (Fig. 6A ). All three fibres had Aδ 269 axonal conduction velocities and did not respond to capsaicin (1 µM). 270
271
DISCUSSION
272
The present recordings show that the responses to dynamic mechanical stimuli of individual 273 sensory nerve fibres innervating the cranial dura mater vary as a function of preceding action 274 potential activity. Increased rates of action potential activity reduced particularly the early 275 phase of firing (phasic component, quantified as peak firing frequency) in response to 276 mechanical stimulation. However, the same rates of action potential activity were without 277 10 10 effect on the low frequency mechanical response component (tonic component). The 278 magnitude of the reduction in peak firing frequency was correlated with the slowing of axonal 279 conduction velocity resulting from increased action potential traffic. This suggests that 280 common mechanisms may be responsible for both axonal conduction velocity slowing and 281 decrease in peak firing frequency in response to mechanical stimulation. 282
Possible mechanisms involved in the modulation of action potential firing 283
A decline in the action potential firing rate in response to mechanical stimulation could arise 284 either from alterations in stimulus transduction, from changes in encoding the action potential 285 discharge in the axon, or from stimulus impacts altering the cellular environment of the 286 sensory nerve ending (Barker et al. 1982) and/or the property of the plasma membrane. 287
Changes in the impact efficacy of the mechanical stimulus itself are considered to be small, as 288 our experiments indicate a reproducible force profile over periods of stimulation up to several 289 hours. In addition, the response to the same duration and force of mechanical stimuli remains 290 constant over several hours with no significant effects being observed unless the electrical 291 stimulus frequency is altered (see Fig. 5B ). Effective mechanical transduction measured as the 292 amplitude of repeated mechanically evoked whole-cell currents in cultured dorsal root 293 ganglion (DRG) neurons was similarly stable for up to three hours (McCarter et al. 1999) . 294
Thus it is likely that it is action potential activity itself that affects mechanically evoked firing. 295
High rates of action potential activity are likely to increase the intracellular sodium 296 concentration in small diameter axons. This decreases the Nernst potential for Na + , which has 297 been suggested to contribute to axonal conduction velocity slowing (Endres et al. 1986; 298 Scriven, 1981; Tigerholm et al. 2013) . Changes in intracellular Na + are also likely to affect 299 mechanical transducer currents based on the assumption that transduction involves Na 
Mechanisms underlying the reduction of peak firing frequency to mechanical stimulation 323
The mechanisms described so far may be expected to reduce both low and high frequency 324
firing. Yet we observed a selective damping of high frequency responses (phasic component) 325 to mechanical stimuli without affecting low frequency responses (tonic component) (see Fig.  326 4/5A). This may indicate either a separate transduction processes for phasic and tonic 327 responses or an additional process opposing selectively the damping of low frequencies (tonic 328 component). Indeed, for both options evidence can be found. Rugiero et al. (2010) 
Activity-dependent increase of mechanically induced responses in a subpopulation of A-delta 358 fibres 359
In contrast to the majority of fibres, which showed slowing of their axonal conduction 360 velocity with increasing rates of electrical stimulation, three of the 29 fibres exhibited a slight 361 decrease in their response latency following an increase in electrical stimulation from 0.1 Hz 362 to 4 Hz (Fig. 6) . While a decrease in response latency suggests an increase in axonal 363 conduction velocity, the absolute magnitude of the decrease in latency was less than the width 364 of the electrical pulse used to activate the fibres and thus may represent either a proximal shift 365 in the site of impulse initiation or a more rapid initiation of the action potential. However, 366 these three fibres showed also an increase in their peak firing frequency to mechanical 367 stimulation in response to increased rates of electrical stimulation (Fig. 6) . Furthermore, upon 368 reducing the rate of electrical stimulation the peak firing frequency of the phasic response was 369 reduced in the same way (Fig. 6 ). All three fibres had Aδ axonal conduction velocities and did 370 not respond to capsaicin (1 µM). Mechanistically, it could also be considered an activity-371 dependent enhancement of sensitivity through the transduction process. Recently, 372 sensitization of the mammalian mechanically activated ion channel Piezo2 by inflammatory 373 mediators such as bradykinin (Dubin et al. 2012) 
